Introduction
Biopolymers are the polymeric biomolecules, commonly seen as ecological and renewable materials. They present relevant properties, such as biocompatibility, biodegradability and antibacterial activity [1] . Accordingly, smart biomaterials should be able to present self-adaptability; self-sensing; shape-memory, responsiveness; multifunctional; self-repair and decision making, as these features regulate the effects of the external stimulus after they have been printed. [2] [3] [4] [5] [6] [7] .
Recently, with the emerging interest in the field of smart biomaterials, the term four-dimensional (4D) bioprinting has been proposed. The aim of this technique includes the ability of promoting dynamic changes of the structures and improving the functional response of the construct. It requires stimuli-responsive biomaterials which can be developed, and properly used in the equipment; the best examples of this type of biomaterials are the shape memory polymers [8] . 4D bioprinting offers a great potential for the creation of sophisticated dynamical structures with high resolution, otherwise inaccessible through the 3D bioprinting techniques. Previously, shape-changing polymers were deposited first, and cells were deposited afterwards, which was due to the incompatibility of the methods to their deposition [9] .
Shape-memory polymers (SMPs) are a class of polymers that have received deep consideration over the last decade [10] . SMPs are a class of stimuli-responsive materials that demonstrate geometric changes on a temporary shape, according to the application of external stimuli, but are also able to return to their original shape when intended [11, 12] . In other words, SMPs are able to "memorize" one or more permanent shapes, that can be kept in temporary shapes, and subsequently, a trigger will lead to remember the permanent shapes [13, 14] . The stimuli that have been demonstrated to induce changes in shape are temperature; light; magnetic field; electric field and modification of pH [1] .
Temperature-responsive materials can change their shape according to change in temperature. The shape-memory behaviour depends on chemical or physical crosslinks to 3D permanent shape and the glass transition temperature (Tg), to control molecular switching segments that fix the temporal effect. To establish the temporary shape, the material deforms when it is heated above Tg on the molecular switching segment. When T < Tg, the temporary shape is obtained and when T > Tg, the material turns back to its permanent shape [15] . This type of polymers is characterized by a critical solution temperature that may be: a lower critical solution temperature (LCST) or an upper critical solution temperature (UCST) [1, 16] . The LCST can be explicit as the critical temperature in which the polymer solution shows a phase separation from one phase (isotropic state) to two phases (anisotropic state). The hydrophobic and hydrophilic interactions between the polymer chains and the aqueous medium change abruptly within a small temperature range, inducing at the interruption of electrostatic and intermolecular, intermolecular and hydrophobic interactions resulting in chain collapse or expansion [16] . The advantages are: the capacity to deliver hydrophilic and lipophilic drug; sitespecific drug delivery; prevention of toxic organic solvents; and sustained release properties with reduced collateral effects. In contrast, present disadvantages like high-burst drug release, the absence of biocompatibility of the polymeric system and gradual lowering of pH in the system due to acidic degradation [1] .
Light-responsive materials are the polymers which are either sensitive to UV or visible light, depending on the wavelength of the light [1, 11] . The visible light source is preferred because it is safe and accessible which makes it easy to use [11] . Light-sensitive polymers exhibit some limitations such as inconsistent response due to leaching of non-covalently bound chromophores during swelling or contraction of the system, and a slow response of hydrogel towards the stimulus [1] . The change in shape of these polymers is usually reversible, namely, the freestanding polymer contracts or bends under irradiation, but returns to its original shape once the light source is removed [17] .
Magnetic-responsive materials are the polymers that respond to the presence or not of magnetic fields [18] . The principle of this type of shape-memory polymer says that in the presence of a magnetic field gradient, a transactional force will be exerted on the particle/drug complex. This is based on the attraction of magnetic microparticles and nanoparticles to an external magnetic field source [1] . Inorganic magnetic nanoparticles are physically stocked inside or covalently immobilized to a three-dimensional crosslinked network leading to materials with shape and size distortion that occurs reversibly and in the presence of a non-uniform magnetic field [1, 18] .
Electro-responsive materials depend on their electrically conductive characteristic properties [19] as they transform electric energy into mechanical energy [1, 18] . In the majority of the cases, this type of biopolymers also exhibits a pH-responsiveness [1] . These materials are relatively hard to design, because the surface must be formed on a conductive electrode to transmit the electrical stimulus, typically gold. One of the advantages of this type of materials and the application of an electric impulse is that it can be less damaging to cells than the average temperature or pH, such as temperature change or pH change to achieve cellular detachment is minimal in negative articles on cell viability. They also provide an opportunity for collaboration between the fields of cell biology and tissue engineering (TE). Enhanced techniques for creating integrated circuits are also potentially common to a cell culture, allowing a certain degree of control over a cell culture that is difficult to achieve [11] .
Similarly, pH-sensitive polymers are the polymers that contain ionizable functional groups that respond to change in pH [1] . These classes of pH-sensitive systems form a class of stimuli-sensitive materials that apply to biomedical applications [20] [21] [22] .
Stimuli-responsive materials may also respond to two or more stimuli at the same time.
The health sciences are a priority field of research due to the impact they have on increasing human life expectancy and improving the welfare state by developing advanced effective approaches to address the patient-specific needs [8] .
Biomedical Applications of Smart Materials with 3D/4D Bioprinting
Smart biopolymers that can respond to different external stimuli have a wide range of biomedical applications that include drug delivery, gene delivery, aiming at the treatment of many genetic diseases, and tissue engineering (TE) to regenerate or replace the biologically damaged or diseased tissue or generate replacement organs for a wide range of medical conditions such as heart diseases, diabetes, cirrhosis, osteoarthritis, spinal cord injury and disfiguration [1] .
The combination of 3D printing and shape-memory polymers has certain advantages such as the ability to fabricate highly accurate complex structures that can deform in response to different environments. Thus, more biomimetic and multi-functioning biomedical products may be fabricated
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by different techniques and these will have a lot of potential applications in the biomedical field in the future [11] . Similarly, 4D bioprinting has emerged as a beneficial tool for biomedical applications, such as tissue regeneration and drug delivery, due to its essential advantages including the construction of 3D complex tissue based on the responsive materials that are able to reshape or change their functions according to the environmental stimuli; and post-maturation of printed cell populations in scaffolds with programmable architectures, permitting the generation of tissue constructs with functionalities that are similar to those of native tissues [5] .
Recently, there has been a significant progress on stereolithography apparatus (SLA) to fabricate SMPs. SLA is one of the most established additive manufacturing (AM) processes and the principal advantage of SLA is producing parts with high resolution and excellent surface finish among all other techniques [23, 24] . However, the liquid resins suitable for SLA are limited [25] .
A scaffold for TE provides mechanical support, shape, and cell-scale architecture for neo-tissue construction in-vitro or in-vivo as seeded cells expand and organize. It has become progressively apparent for many biomaterial scaffolds which provide more than a temporary architectural structure to a developing tissue construct [26] .
There have been a large number of interesting biomedical applications proposed for stimuliresponsive polymer systems, especially in the areas of drug delivery, cell culture surfaces, and diagnostics [27] . Kinetic and thermodynamic control of the stimuli-sensitive response is crucial in all the applications. Therefore, an understanding of the structure-property relationship is essential for further development and rational design of new functional smart materials [28] .
Temperature-responsive materials. The thermally induced shape-memory effect has been defined for different materials [29] [30] [31] , such as polyurethanes [31] [32] [33] [34] [35] , poly(styrene-blockbutadiene) [31, 36] and polynorbornene [31, 37, 38] ; hydrogels [31, 39, 40] ; metallic alloys [31] ; and ceramics [31, 41] . Poly(N-isopropylacrylamide)s (PNIPAAM) is the most prominent candidate as a thermoresponsive polymer [42] . It is a unique material, in view of its biocompatibility and the position of the LCST at 32-33°C, which make this polymer an ideal candidate for biomedical applications [11, [42] [43] [44] . PNIPAAM copolymers have been studied mainly for the oral delivery of calcitonin and insulin [42] . This material has been utilized for thermoresponsive tissue culture dishes, drug delivery vehicles, haemostasis, and 3D extracellular matrices (ECM) materials [44] . Cytotoxicity tests have already been performed in PNIPAAM by Chastek et al. [45] and Cooperstein et al. [46] they found that the low levels of toxicity have been reported for the cells. PNIPAAM together with poly (ε-caprolactone) (PCL) is applied for encapsulation or release of cells [5, 47, 48] .
PCL is one of the most extensively investigated degradable polymers [49] . In addition to its inherent biocompatibility, Tm of PCL can be easily tuned by the variation of its chain length or by copolymerization with other cyclic esters [50] . However, many physical, chemical and biological barriers associated with PCL homopolymers have limited their biomedical applications. For example, PCL is relatively rigid compared to many soft tissues; due to its high crystallinity. It undergoes a plastic deformation when stretched beyond the linear viscoelastic region [49, 51] . PCL has proven to show the adhesion and proliferation of human bone marrow-derived stem cells over a period of 3 days [49, 52] . Poly(N-vinylcaprolactam) (PNVCL) has not been studied as intensively as PNIPAAM, but it also owns very interesting properties for medical and biotechnological applications [42] . PNVCL is known for its superior physiognomies: biocompatibility, solubility, thermosensitive having non-ionic and non-toxic features. Moreover, the LCST of PNVCL (32-34°C) is near the range of physiological temperature [53, 54] . It is also considered as a potential thermosensitive material for pharmaceutical applications [55] . Toxicity tests performed by Vihola et al. [56] have not shown any alarming evidence of cytotoxicity in the various tests performed from the time of exposure to temperature.
Poly (N-isopropyl acrylamide) gelatin (PNIPAM-gelatin) was considered by Ohya et al. as a temperature-responsive biodegradable polymer formed in-situ by injectable 3D scaffold [11, 44] . Poly (N-ethyl oxazoline) (PEtOx) have a transition temperature around 62°C, which is too high for drug delivery application. Poly(methyl vinyl ether) (PMVE) has a transition temperature in aqueous solution at 37°C [42] . Stents based on temperature-responsiveness were some of the initial examples of SMP-based medical devices studied in-vitro and thereby the shape memory of these materials exhibited at body temperature could help to fix a device in the body [52, 57] .
Films composed of temperature-responsive caprolactone-based SMPs have been shown to support the adhesion and proliferation of mouse fibroblast L929 cells for one week [55] . Stoychev et al. [48] related a design of biodegradable thermoresponsive self-folding capsules that are capable of controlled capture and release of cells. The polymer such as PNIPAM was applied to cell culture [59] , targeted protein adsorption [60] , control of biomolecular motors [61, 62] , protein purification [63] , photolithography [64] and drug delivery [65] . Yakacki et al [66] explored the PCL for storage, deployment, and subsequent deformation of several SMP stents with respect to their glass transition, crosslinking density, and mechanical design for cardiovascular applications. An ideal choice for a shape-memory medical device is one that stores at room temperature and activates at body temperature [66] . Dadbakhsh et al. [67] , focused on nitinol (NiTi) that responds to temperature because they exhibit valuable characteristics, such as good biocompatibility [68] [69] [70] [71] , low stiffness [72, 73] , good corrosion resistance, great wear resistance [74] [75] [76] , high strength, and excellent ductility [74, 77] .
Light-responsive materials. To study the shape-memory effect, light can be used as an activator to extend the applications of shape-memory polymers especially in the medical devices where the triggers other than heat are highly desirable [17, 78] . Hydrogels that respond to light are very attractive for biomedical applications, particularly if visible light can be used in the production of devices for ophthalmic drug delivery. Generally, gels respond relatively fast to light as compared to other stimuli [79] . Leidlein et al. [80] proposed a new class of shape-memory polymers activated using light. Similarly, Hearon et al. [12] employed a laser actuated SMP microgripper where the stimulus is UV light with polyurethane (PU). Unger et al. [81] developed the biocompatible hydrogels that can open the new fields of applications such as biotechnology, light-controlled cell growth or light-controlled drug delivery. These hydrogels are known for their dynamic response to swelling. Among the hydrogels, 2-hydroxyethyl methacrylate (HEMA) is widely employed as a shape memory polymer.
Magnetic-responsive materials. Recently, Wen et al. [82] developed magnetic responsive alginate/chitosan hydrogel for cell separation. The potentiality of this was achieved by optimizing the molecular weight of the chitosan, the membrane crosslinking time, and the microcapsule size. Wang [11] , demonstrated strategies based on the magnetic response scaffolds for the application of mechanical cues and an innovative methodology for obtaining a suitable prevascularized cardiac mechanism to replace the damaged myocardial tissue. Amaral and Pasparakis [83] developed a matrix with palmitoyl chitosan co-encapsulated with superparamagnetic iron oxide nanoparticles (SPIONs), with improved magnetic properties, and anticancer drug, such as paclitaxel (PTX). They studied how the resulting nanoparticles can serve as biocompatible and biodegradable carriers for the accurate delivery of powerful cytotoxic anticancer agents such as PTX. Similarly, Lin et al. [84] fabricated the alginate microfibers using a modular microfluidic system for controlled drug release with the magnetic response and cell culture.
Electro-responsive materials. This class of materials has recently attracted rapidly expanding the scientific and technological interest due to their potential applications in sensors and actuators, robotics and artificial muscles, optical systems, drug delivery, space, ocean, and energy harvesting applications [85] . Chen et al. [86] , developed a multi-functional hybrid microfibers core-shell with a new intelligent biomaterial for biomedical applications. The resulting material promises a flexible model for a reconstruction of electro-sensitive tissues by mimicking the muscle fibres or nerve networks to demonstrate the excellent biocompatibility and electroactivity of microfibers to a cell culture.
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Direct Digital Manufacturing and Polymers pH-responsive materials. Poly(acrylic acid) (PAAc) and poly(methacrylic acid) (PMAc) are the materials that have the ability to swell by varying the pH for therapeutic applications [65, 87, 88] . Ethyl acrylic acid (EAAc) and PAAc form pH-sensitive polymers and copolymers that become abruptly hydrophobic as the pH decreases [27] . Accordingly, Hu et al. [89] , used several polysaccharides, including chitosan, alginate, dextran, hyaluronic acid and their derivatives, and these have pHsensitive groups in their side chains, which could be employed for drug delivery applications. These polysaccharides are biocompatible, biodegradable, non-toxic in nature and can be easily processed.
Usually, the hydrogels are synthesized from polymers containing weakly acidic (-COOH) [90] or weakly basic (-NH2) functional groups [91] , the swelling and collapsing processes being the result of protonation/deprotonation of the sensitive moieties [20] . Nadgorny et al. [92] printed a pH-responsive hydrogel valve that validated the dynamic and reversible swelling and shrinkage behaviour that can regulate the flow rate under various pH levels [93] . Additionally, this structure can serve as a useful platform for pH-responsive membranes [94] and photonic gels [95] . Infections and inflammations can cause an acidic microenvironment, where pH sensitive scaffolds can swell and lead to increased oxygen penetration and cellular infiltration to increase the tissue regeneration. Micro/nanoparticle systems with pH-responsive properties have also been developed for inflammation treatment. These classes of polymers have the potential for application in cancer immunotherapy [11] .
Dual/Triple-responsive materials. Ban et al. reported the dual and triple -responsive SMP that allows the shape deformation when it is irradiation by UV light and stable even in the visible light, and the original shape is recovered at higher temperature [96] . Wu et al. [97] developed UV/heat dual-responsive triple shape memory polymer, which deformed with UV light and returned to original shape with temperature. The NIPAAm and acrylic acid copolymer (AAc) respond to temperature and pH [27] . According to Hoffman et al. [27] , the Dong & Hoffman oral delivery system is based on an intelligent pH sensitive and temperature sensitive matrix for acid sensitive and enzymatic drugs. Additionally, a clinical application for oral administration can be found, if the polymer can be shown as non-toxic.
Recently, Chikh Alard et al. [98] prepared the copolymers capable of multi-responsiveness, namely magnetic/light or magnetic/light/pH for biosensors, coatings and controlled drug delivery systems [99] . They used magnetic tetrahalogenoferrate(III) anions along with a polymeric backbone based on poly[2-(N, N-dimethylamino)ethylmethacrylate] (PDMAEMA). Indulekha et al. [100] have developed a system for a therapeutic solution of hyperthermia mediated administration for the treatment of breast cancer, responsive to temperature and pH. This system is composed of PNVCLg-Chitosan polymer loaded with an anticancer drug, doxorubicin hydrochloride (DOX). Electromagnetic actuation appears to have attracted the most interest recently. In this phenomenon, heat is generated through power losses of magnetic filler. Reports have mostly focused on the actuation of SMPs targeting the medical applications. However, in many cases, the field strengths and frequencies largely exceed than those applicable in medical applications [14] .
Since the environment-sensitive hydrogels could be developed into bio-inks for 3D bioprinting and affect cell behaviour and differentiation, the materials show excellent potential for clinical applications in the future. Although an insufficiency of reports considering the potential clinical use of self-healing hydrogels, shape-memory polymers, and conductive polymers combined with 3D printing, these smart materials gifted printed scaffolds with smartness as well as influenced cell proliferation and differentiation. Therefore, the clinical applications of the materials might gradually come into focus in the medical field in the near future [11] .
Summary
In the present work, it was possible examine the advancements that are being accomplished through 4D bioprinting. The development and translation of smart materials for 4D bioprinting technology in biomedicine should be based on evidences as well as on the implementation of the key parameters to print [101] . This technique is opening a new door in medical engineering and will serve as a toolbox to solve medical problems, taking its advantages in spite of its limitations and challenges [5, 101, 102] .
There is a wide range of properties that can be capably applied in controlled drug delivery, implants, wound, and tissue engineering. Indeed, shape-memory deformation in response to one or more stimuli for biomedical applications, combined with 3D printing technology and other biomanufacturing, can be used as biomimetic actuators or serve as scaffolds for tissue engineering for minimally invasive surgeries. The future clinical success of this methodology will depend on addressing the current challenges of the field [11] . In the future, the combination of 3D printing/fabrication with shape-memory polymers can help in tissue engineering to overcome the existing barriers and achieve new developments of biomimetic and multifunctional scaffolds.
